While nontypeable Haemophilus influenzae (NTHi) forms a minor component of the nasopharyngeal microbiota, it is also associated with recurrent infections of mucosal surfaces, in particular otitis media in children and the exacerbation of chronic bronchitis in middle-aged and elderly patients (reviewed in reference 21). The recurrent nature of NTHi infections is attributed to heterogeneity in immunodominant surface-exposed epitopes of outer membrane proteins (OMPs). These OMPs are thought to stimulate antibodies that fail to cross-protect against infection with heterologous NTHi strains (7) . Recent interest directed at identifying conserved NTHi epitopes that could be included in a vaccine has recently focused on the heat-modifiable OMP, P5.
Molecular analysis of the variation in the electrophoretic mobility of P5 (17, 28) showed that this variation was a result of heterology in regions that are thought to be surface-exposed loops of an eight-stranded ␤-barrel (5, 31) . Interestingly, loop one of this structure appears to fall into subclasses with a GINNNGAIK amino acid motif in a longer loop in some strains (31) . Loop four appears to demonstrate the most homology of the other three surface-exposed loops. The C terminus of P5 is highly conserved (5, 25, 31) and contains a region proposed as a peptidoglycan binding domain (12) . However, while the conserved nature of this domain suggests a periplasmic location that is shielded from the immune pressure of the host, the structure of this region of P5 is not clearly defined.
While immunization with P5 confers partial protection against transtubular challenge in chinchillas, this protection is strain specific (25) , which further supports the notion that the immunodominant surface epitopes are variable. Notably, P5 has been proposed as a mediator in the binding of NTHi to sialic acid-containing oligosaccharides of respiratory mucin (19, 23, 24 ). Yet, in order for P5 to play a role as an adhesin, surface-exposed regions of the protein may need to be selectively conserved. Therefore, by using synthetic peptides, it may be possible to target an immune response to these conserved, functionally constrained regions of P5. In addition, peptide antibodies specific for regions of P5 associated with adhesion may also impair the pathogenicity of NTHi.
Recently, the efficacy of immunization with two synthetic peptides, R117-G135 (LB1) and Y163-T180 (LB2), which correspond to loop three and the first two-thirds of loop four, respectively (31), was assessed (1). While immunization with LB1 enhanced the clearance of NTHi from the nasopharynx of adenovirus-infected chinchillas, the heterogeneity that occurs in loop three (31) suggests that the immune response induced by this peptide may not be cross-protective. Recently, the problem of heterogeneity in LB1 was addressed by incorporating three representative sequences of this region into a chimeric peptide (2) . However, a recent study of the sequence variation in P5 from Australian NTHi isolates (31) suggests that a greater number of variants may need to be considered for a cross-protective vaccine.
Peptides analogous to regions of the P5-homologous Pseudomonas aeruginosa OprF outer membrane protein have shown great promise as protective antigens. Antibodies raised against two OprF peptides (peptides 9 and 10) were shown to enhance opsonophagocytosis (10) and were as efficacious as OprF in reducing pulmonary lesions after P. aeruginosa challenge in a chronic mouse model (8) . In addition, mice immunized with these peptides had higher survival rates in an acute model of pneumonia than mice immunized with carrier or other peptides (9) . Although both peptides were significantly protective, peptide 10 was more efficacious than peptide 9. Interestingly, these peptides correspond to C-terminal regions in OprF, which in P5 and OmpA are proposed as being periplasmic. This result has contributed to debate in the literature regarding the topology of the C terminus of both OmpA and OprF and the suggestion that some of the C terminus may fold back across the outer membrane to be surface exposed (26, 27) . Paradoxically, despite peptide 10-specific antibody being opsonophagocytic, flow cytometry has shown that this antibody labeled whole cells of P. aeruginosa poorly in comparison to peptide 9-specific antibody (11) .
The aims of the investigations described here are to extend the study of Bakaletz and coworkers in determining the protective efficacy of immunization with synthetic P5 peptides fused to a promiscuous T-cell epitope (1) . Peptides encompassing the GINNNGAIK motif in loop one, the central region of loop four, and the region in P5 that corresponds to peptide 10 in OprF were examined.
Design and synthesis of the chimeric P5 peptides. The sequences of the peptides (Fig. 1) were based on the sequence of P5 from NTHi strain UC19 (31) . Peptide L1A encompasses the amino acid motif GINNNGAIK, which is found in loop one in a subset of NTHi strains, including UC19 (31); L4 encompasses the highly conserved central region of loop four; and H3 encompasses a region in P5 that is homologous to OprF peptide 10 from P. aeruginosa (10) . The H3 sequence, which was found to be conserved in all the NTHi P5 proteins previously analyzed (5, 25, 31) , was identified from the alignment of P5 from NTHi strain UC19 and OprF from P. aeruginosa strain PAO1 (GenBank accession no. M94078). In comparison, the homologous region in OmpA has only 75% identity with H3 (31) . The sequences of H3, peptide 10, and the corresponding region in OmpA are shown in Fig. 2 . The peptides also contained the measles virus F protein (22) promiscuous T-cell epitope (MVF) and a linker region composed of a 4-residue (LSPG) ␤-turn (15) . Peptides were synthesized and purified and by the Biomolecular Resource Facility (Australian National University, Canberra City, Australian Capital Territory, Australia). In order to enhance antigenicity (18) , multiple antigenic peptides were prepared by coupling the N-terminal cysteine of the peptides to polylysine (Auspep, Parkville, Victoria, Australia). Notably, the peptide MVF/H3 contains two intrachain cysteine residues which are the only cysteines that occur both in P5 and OmpA. As complete denaturation of P5 requires a reducing agent and there appears to be no evidence for a polymeric structure formed by these proteins, it seemed likely that these cysteines form an intrachain disulfide bond. Therefore, before coupling, the N-terminal cysteine in MVF/H3 was protected with an acetamido methyl group and an intrachain disulfide bridge was formed by oxidation with K 3 Fe(CN) 6 . After deprotection of the N-terminal cysteine, this peptide was then coupled to polylysine. Following coupling, peptides were dialyzed against 0.1 M NH 4 HCO 3 and then lyophilized.
Clearance of UC19 NTHi after immunization with the P5 chimeric peptides. MVF/L1A, MVF/L4, and MVF/H3 were solubilized at a concentration of 6.5 mg/ml in 6 M guanidineHCl and then diluted to 800 g/ml with phosphate-buffered saline (PBS) and emulsified with an equal volume of incomplete Freund's adjuvant. Peyer's patch immunization was performed in Wistar rats as described previously (14, 29) , with each animal receiving 20 g of peptide. Control rats were unimmunized or immunized with the same concentration of incomplete Freund's adjuvant-PBS-guanidine-HCl as that used for the peptide-treated group. No differences in clearance were observed between these control groups. Animals were boosted 14 days later by intratracheal instillation of 20 g of solubilized peptide in a total volume of 50 l of PBS or with PBS-guanidine-HCl only. The procedure for assessing bacterial clearance of NTHi strain UC19 was performed 7 days after boosting as described previously (14, 29) . Essentially, rats were intratracheally challenged with 5 ϫ 10 8 CFU of UC19, and after 4 h, samples of broncho-alveolar lavage (BAL) fluid and lung homogenates were collected, serially diluted, and plated on chocolate agar to determine the viability of the NTHi remaining in the lungs. Significantly enhanced clearance was seen from the BAL fluid of rats immunized with MVF/H3 (74%, P Ͻ 0.005) and from the homogenized lungs of animals immunized with both MVF/H3 (70%, P Ͻ 0.005) and MVF/ L1A (64%, P Ͻ 0.05), compared to the control animals (Fig.  3) . Notably, while immunization with the MVF/H3 peptide significantly enhanced clearance from both BAL fluid and lung tissue, immunization with the MVF/L1A peptide enhanced significant clearance only from the homogenized lung sample. No significant enhancement of clearance was seen in the animals immunized with the MVF/L4 peptide.
Peptide-specific antibodies in BAL fluid and serum. Peptide-specific antibodies in serum and BAL fluid were measured by enzyme-linked immunosorbent assay (ELISA) (17) . Microtiter wells were coated overnight at 4°C with 0.4 g of peptide or with 0.2 g of P5 that had been purified as previously described (31) . The optimum peptide concentration used for coating was determined by using MVF/H3, as this peptide induced the highest serum antibody response. However, only one animal in each of the MVF/L1A-and MVF/H3-immunized groups (n ϭ 4 and 5, respectively) responded with a low level of peptide-specific serum immunoglobulin G (IgG) (means Ϯ standard errors of the means, 0.23 Ϯ 0.06 and 13.12 Ϯ 1.61 g/ml, respectively). In addition, no animals in the MVF/L4-immunized group had detectable levels of MVF/ L4-specific antibody and no peptide-specific antibodies could be detected in any of the control animals. Peptide-specific IgG or IgA was undetectable in the BAL fluid. To further investigate if peptide-specific antibodies were present, P5-reactive IgG in the sera of peptide-immunized and control animals was measured by ELISA. In addition, for comparison, P5-specific antibodies in a pool of serum from five animals immunized with purified P5 was also determined ( Table 1 ). The animals that responded with detectable levels of MVF/L1A-or MVF/ H3-specific serum IgG also had antibodies that cross-reacted with P5. All other animals had barely detectable levels of P5-reactive serum IgG. However, there were no significant differences in the levels of P5-reactive serum IgG between the animals that failed to respond with detectable peptide-specific antibody in the peptide-immunized groups, compared to the control group. High levels of P5-specific IgG were detected in the sera of the P5-immunized animals. Importantly, this demonstrated that L1A and H3 antibodies cross-reacted with P5 and suggested that the failure to detect peptide-specific antibodies in some animals was not due to inadequacies in the peptide-specific ELISA.
This sporadic production of peptide-specific antibodies within the peptide-immunized groups is intriguing. A recent report suggested that skewing of the immune response could be influenced by several factors, including the genotype of the major histocompatibility complex (MHC), the avidity with which peptides are bound, and the strength of the interaction formed with the T-cell receptor (4) . High affinity appears to favor a cell-mediated Th1 type response, while low affinity favors an antibody helper Th2 type response. Therefore, the sporadic production of antibody within the MVF/L1A-and MVF/H3-immunized groups may be based on a similar rationale and dependent on the repertoire of the MHC haplotypes of the individual animal. This is especially relevant considering that the Wistar rats used in this study are an outbred strain and would be expected to have a diverse repertoire of MHC isotypes. FIG. 3 . Clearance of NTHi strain UC19 from BAL fluid (A) and homogenized lung (B) following challenge of animals immunized with the P5 chimeric peptides. Significant clearance was seen in the BAL fluid from MVF/H3-immunized rats and in the lung homogenates from MVF/L1A-and MVF/H3-immunized rats. ‫,ء‬ P Ͻ 0.05; , P Ͻ 0.005. The mean CFU recovered from the nonimmune group was given the value of 0% clearance. The percent clearance in the peptide-immunized groups was calculated as 100 minus the percent ratio of the mean CFU recovered from the immunized groups divided by the mean of the nonimmune group. Each group consisted of four to five animals, except for the control group, which consisted of eight animals. The error bars represent the standard errors of the mean expressed as percentages. Relationship between peptide-specific antibody production and the enhanced clearance of NTHi. To determine the efficacy of peptide-specific antibody, a comparison was made between the clearance in antibody-responding and -nonresponding rats (Fig. 4) . The numbers of viable NTHi in both the BAL fluid and lung homogenates of the MVF/L1A-specific antibody-responding rat and the lung homogenates of the MVF/ H3-specific antibody-responding rat had the lowest clearance of viable NTHi within each respective group. In addition, the animal producing MVF/L1A-specific antibody had more viable NTHi recovered from the BAL fluid than the animals in the control group. Importantly, these results suggest that processes other than humoral-orchestrated mechanisms can mediate the pulmonary clearance of NTHi in this model. In addition, the manner in which NTHi is cleared may be related to early events in B-cell activation and the preference for either a Th1 or Th2 bias. The switch to the production of IgG2a, the antibody isotype associated with Th1 type responses, is thought to require sequential clonal proliferation of B cells to secrete the Th2 type antibodies, IgG1 and IgM, followed by a switch toward Th1 type cytokine production. However, the presence of a strong gamma interferon-mediated Th1 type response in the absence of any Th2 type component appears to suppress antigen-specific antibody production (3, 16) . Clearly, further studies are required to analyze the relevant cytokine levels and whether immunization with the MVF/H3 peptide stimulates high gamma interferon levels and both a concomitant suppression of antibody production and the stimulation of strong cellmediated Th1 responses. Notably, previous studies have suggested that humoral-mediated responses are in fact not critical for the clearance of NTHi from the lungs of rats immunized via the gut-respiratory regime. While immunization with low doses of killed NTHi was ineffective at eliciting detectable antigenspecific antibody responses, it was sufficient for enhancing pulmonary clearance (29) . In addition, adoptive transfer of T lymphocytes from immunized rats has the capacity to accelerate the clearance of NTHi from the lungs of challenged animals (30) . Studies concerned with the assessment of the NTHi-protective immune responses elicited in response to immunization with purified proteins have also demonstrated that enhanced clearance does not necessarily correlate with the antigen-specific antibody titer (13) . If T-cell-mediated responses orchestrate the enhanced killing of NTHi in immune animals; the question remains as to the specificity of this response. While analysis of the immune responses that are efficacious in clearing P. aeruginosa from the rat lung suggested the importance of cell-mediated responses, it appears from studies with the adoptive transfer of T cells that this response is also antigen specific (6). However, it seems that the only way that this specificity can be generated in the absence of antigenstimulated B cells is via T-cell epitopes. While the P5 peptides in the present study contained a promiscuous T-cell epitope that has been shown to overcome haplotype restriction of Tcell epitopes in mice and humans, it is unknown if the same response is generated in rats. Notably, the MVF epitope per se does not appear to have significantly influenced the clearance of NTHi, as no significant protection was seen in the MVF/ L4-immunized group of rats. Moreover, in a previous study, immunization with a chimeric peptide corresponding to the N-terminal region of loop four combined with the MVF epitope (LB2) also failed to inhibit nasopharyngeal colonization in chinchillas (1) . It therefore seems likely that the P5-based regions of the peptides influenced the efficacy of the immune responses that were generated and that the enhanced clearance was mediated by antigen-specific cell-mediated responses. However, further analysis of the proliferative responses of antigen-specific lymphocytes will be required to confirm this conclusion.
Cross-reactivity of peptide-specific antibodies with OmpA. Because the equivalent region in OmpA is 75% homologous to the H3 region in P5 (Fig. 2) , it was important to determine whether immunization with MVF/H3 stimulated an antibody response that cross-reacted with OmpA. Certainly an undesirable feature in an antigen is the induction of an immune response that depletes a component of the normal microbiota. To address this issue, a crude preparation of OmpA was purified from Escherichia coli. Essentially, strain TG1 (Amersham, Buckinghamshire, Little Chalfont, United Kingdom) was lyzed, and total cell proteins were solubilized in PBS containing 0.3% (wt/vol) sodium dodecyl sulfate (SDS). Insoluble material was removed by centrifugation at 12,000 ϫ g for 15 min. The concentration of SDS in the soluble fraction was then reduced to 0.03% (wt/vol) by dilution with PBS, and OmpA was precipitated by incubating overnight at 4°C. This method resulted in a preparation of OmpA that was approximately 90 to 95% pure as determined by SDS-polyacrylamide gel electrophoresis (data not shown). The identity of OmpA (20) was confirmed by N-terminal analysis of the protein from an appropriate gel fragment. ELISA, using OmpA-coated plates, was then used to determine the cross-reactivity of the antibody produced by the immunized rats. The cross-reactivity of the serum from the peptide-immunized animals with both P5 and OmpA demonstrated that although MVF/L1A-and MVF/H3-specific antibodies cross-reacted with P5, similar cross-reactivity was not seen with OmpA (Table 1) . Notably, while some animals from both the control and peptide-immunized groups had slightly elevated OmpA-reactive serum IgG levels, compared to their cohorts, the reactivity of serum containing either MVF/L1A-or MVF/H3-specific antibodies was not higher than that in the peptide-specific antibody-nonresponding cohorts. This suggested that the poor clearance observed, especially from the lung homogenates of the peptide-specific anti- FIG. 4 . Comparison of the clearance in P5 peptide-specific antibody-responding and -nonresponding rats. The percent clearance was calculated for individual animals as described in the legend for Fig. 3 . The mean of the nonimmune group was given the value of 0% clearance. The animals with peptide-specific serum IgG are indicated with stars, and the means of each group are indicated by bars. Notably, the animal producing MVF/L1A-specific antibody had more viable NTHi in the BAL fluid than the nonimmune animals.
body-responding animals was not associated with impairment of the integrity of the lymphoid tissue in the gut and a resulting increase in peptide-cross-reactive antibodies due to stimulation by OmpA. Importantly, these results demonstrate that there was no cross-reactivity between MVF/H3-specific antibodies and OmpA. However, future work is required to determine if MVF/H3-specific cell-mediated responses similarly lack cross-reactivity with OmpA. In contrast, OmpA-reactive IgG was detected in the serum from animals immunized with P5, albeit at a lower titer than the titer of P5 antibody specific for P5. Therefore, it seems that while some antigenic crossreactivity is observed between these proteins, a considerable proportion of the P5-specific antibodies were directed toward regions of P5 that are not conserved in OmpA.
In summary, while infection or systemic immunization may bias toward strain-specific humoral responses, it is possible that mucosal-directed immunization may be more efficacious in stimulating cell-mediated responses. A corollary to this conclusion is that more emphasis may need to be placed on the study of conserved, not necessarily surface-exposed epitopes as potential vaccine components presented in an immunization regime that stimulates strong cell-mediated responses. As significantly enhanced clearance of NTHi was seen after immunization with the MVF/H3 peptide and as the corresponding region in P5 is well conserved, it appears that this peptide warrants further investigation as a NTHi vaccine component. 
